We investigate the behavior of the doubly heavy spin−3/2 baryons in cold nuclear matter.
. In [3] , for instance, its mass was predicted to be 3.72 ± 0.20 GeV/c 2 . Recently, the LHCb Collaboration has reported the observation of doubly heavy baryon Ξ ++ cc via the decay mode Λ + c K − π + π + with mass 3621.40 ± 0.72(stat.) ± 0.27(syst.) ± 0.14(Λ + c ) MeV/c 2 [19] . Although it is still under debt why the observed mass by LHCb differs considerably from the SELEX result, the existence of a Ξ cc doubly charmed baryon is now on a more solid ground, experimentally. The observation of LHCb has increased the attentions to doubly heavy baryons.
The spectroscopic parameters and production of the doubly heavy baryons have been widely investigated via different methods and approaches in vacuum [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . The studies devoted to their investigation in medium, however, are very limited [37] [38] [39] . In this study, we explore the properties of the doubly heavy Ξ * QQ ′ and Ω * QQ ′ spin−3/2 baryons in cold nuclear matter. We use the in-medium QCD sum rules to study the variations of the mass and residue of these baryons with respect to the density when ρ N varies in the interval [0 − 1.5] × ρ sat N . We also discuss the variations of vector self energies of the states under considerations with respect to the changes in nuclear matter density. We comprehensively compare our results on the spectroscopic parameters of the considered baryons with the existing vacuum predictions by switching ρ N → 0. Our results may help groups aiming to produce and study the properties of these hadrons in dense medium.
The in-medium properties of light baryons have been investigated in Refs. [40] [41] [42] [43] [44] . The fate of the heavy baryons with single heavy quark in dense medium was studied in [45] [46] [47] [48] . We investigated the properties of the exotic X(3872) state, containing the charm and anticharm quarks and assuming a diquark-antidiquark organization for its internal structure, propagating in a dense medium [49] .
We found that the mass of the X(3872) state decreases with increasing the density of the medium, considerably. We shall also refer to the pioneering works [50, 51] , where the in-medium QCD sum rules with tensor condensates were presented for the first time.
In next section, we use the in-medium QCD sum rules to obtain the expressions of the in-medium mass, residue and vector self energy as functions of the density as well as the Borel mass parameter and in-medium continuum threshold, appearing after some transformations with the aim of killing the effects of higher resonances and continuum states. We impose the medium effects via modifying the quark, gluon and mixed condensates in terms of density as well as considering extra operators appearing at finite density. In section III, we numerically analyze the obtained in-medium sum rules for the physical quantities under consideration and discuss their variations with respect to the density. By giving the percentage of the pole contribution, we turn off the density and obtain the results in vacuum. We compare the results obtained in this limit with existing results of the previous studies via various methods. Section IV, is devoted to the discussions and comments. We reserve the appendix to represent the expressions of the spectral densities obtained.
II. FORMALISM
We use the in-medium QCD sum rule formalism to find the expressions of the mass and residue of the doubly heavy spin−3/2 baryons in terms of the cold nuclear matter density as well as the parameters of the model. But, before proceeding, let us have a comment on the classifications of the ground state doubly heavy baryons according to the quark model. In the case of the ground state doubly heavy baryons with two identical heavy quarks, i.e., the baryons Ξ ( * ) QQ and Ω ( * ) QQ , the pair of heavy quarks form a diquark with total spin of 1. Here, baryons with star refer to the baryons of spin-3/2 and those without star to the spin-1/2 baryons. By addition of the spin-1/2 of the light quark, we get two states with total spin 1/2 and 3/2. For these states, the interpolating currents should be symmetric with respect to the exchange of the heavy quark fields. In the case of the states containing two different heavy quarks, in addition to the previous possibility, i.e., a diquark with total spin 1, the diquark can also have the total spin zero, leading to the total spin 1/2 for these states. The interpolating currents of these states, which are denoted by Ξ ′ bc and Ω ′ bc , are anti-symmetric with respect to the exchange of the heavy quark fields. In the present work, as we previously mentioned, we deal only with spin-3/2 states. The starting point is to consider an appreciate in-medium two-point correlation function as the building block of the formalism:
where p is the external four-momentum of the double heavy baryon, |ψ 0 is the parity and timereversal symmetric ground state of the nuclear medium, T is the time ordering operator and J µ (x) is the interpolating current of the doubly heavy spin−3/2 baryons. The nuclear medium is parametrized by the medium density and the matter four-velocity u µ . The colorless interpolating field, J µ (x), of Ξ * QQ ′ and Ω * QQ ′ particles in terms of heavy and light quarks can be written in a compact form as,
where ǫ abc is the anti-symmetric Levi-Civita tensor with a, b, c being color indices, q is the light quark flavor, and Q and Q ′ are the heavy quark flavors. In the above current, T represents a transpose in Dirac space and C is the charge-conjugation operator. In table I, the quark flavors of the doubly heavy spin−3/2 baryons are presented. To obtain the physical side, a complete set of doubly heavy baryons' state with the same quantum numbers as the interpolating current of the same state is inserted into the correlation function in Eq. (1). Performing the integral over four-x, we consequently get
where p * and m * DH are in-medium four momentum and the modified mass of the |B DH (p * , s) doubly heavy (DH) baryonic state with spin s in cold nuclear matter, respectively. In the above relation, the in-medium mass is m * DH = m DH + Σ S , with m DH being the vacuum mass and Σ S being the scalar self-energy or the mass shift of the baryon due to nuclear medium. The dots in Eq. (3) represent the contributions arising from the higher resonances and continuum states. The matrix elements in the numerator of Eq. (3) are parametrized in terms of the in-medium residue or coupling strength of the doubly heavy baryon, λ * DH , and the Rarita-Schwinger spinor u µ (p * , s)
After inserting Eq. (4) into Eq. (3) and summing over the spins of the B DH heavy baryonic states, the physical side of the correlation function is developed. The summation over the Rarita-Schwinger spinors is performed as
and we have the correlation function in the following form
where p * µ = p µ − Σ µ,υ with Σ µ,υ being the vector self-energy of the baryon. The vector self energy dependens on the four momentum of the particle and the four velocity of the medium in the form:
υ p µ with the constants Σ υ and Σ ′ υ . In the mean field approximation, Σ S and Σ υ are real and momentum independent and Σ ′ υ is taken to be identically zero, for details see [52] . In this study, the QCD sum rule approach in vacuum is extended into the finite density problem of doubly heavy baryons propagating in a cold nuclear medium. Unlike the vacuum, there are two independent Lorentz vectors in medium: four-momentum of the particle p µ and the four-velocity of the nuclear matter u µ . We work at the rest frame of the medium u µ (1, 0). Considering the above explanations, the physical side of the correlation function is written in terms of the new and extra structures as,
where the variable p 0 = p · u is used for the energy of the quasi-particle state.
At this stage we have two inevitable problems: i) The Lorentz structures seen in Eq. (7) are not all independent, ii) the interpolating current of the doubly heavy baryons, J µ (0), couples to both the spin−1/2 and spin−3/2 states. The contributions coming from spin−1/2 states are unwanted in our case and we need to separate only the spin−3/2 states contributions in further calculations.
To exclude the pollution of spin−1/2 states and get independent structures, we treat as follows.
The matrix element of J µ (0) sandwiched between the spin−1/2 states and the ground state of the cold nuclear matter is parametrized as
where ζ 1 and ζ 2 are some constants. Imposing the condition J µ γ µ = 0, we immediately obtain ζ 1 in terms of ζ 2 . Hence, we have
where m * 1 2 stands for the in-medium mass of the doubly heavy spin−1/2 particles. As is seen from Eq. (9), the unwanted spin−1/2 contributions are proportional to γ µ and p µ . In the case of current with the index ν in Eq.
(1), these contributions are proportional to γ ν and p ν . In the present work, in order to get independent structures, the Dirac matrices are ordered in the form
To eliminate the pollution of spin−1/2 states, the terms proportional to p µ and p ν as well as those beginning with γ µ and ending with γ ν are set to zero. After these procedures, we obtain the physical side of the correlation function in terms of the structures, which are independent and give contributions only to spin−3/2 states, as
where
In this stage, we apply the Borel transformation on the variable p 2 with the aiming of suppressing the contributions of the higher states and continuum. As a result, the physical side of the correlation function is
where M 2 is the Borel parameter to be fixed in the next section.
The next step is to calculate the QCD side of the correlation function in Eq.
(1) using the interpolating current in Eq. (2). Thus, in Eq. (1) contracting the heavy and light quarks fields, for the case Q = Q ′ , we find the QCD side of the in-medium correlation function in terms of the quark propagators as
where S 
In the fixed point gauge, we choose
for the light quark and
for the heavy quark propagators. In Eq. (14), χ i q andχ j q are the Grassmann background quark fields. In Eqs. (14) and (15), F A µν are classical background gluon fields, and t ij,A = λ ij,A 2 with λ ij,A being the standard Gell-Mann matrices. After, replacing the above explicit forms of the propagators in the correlation function in Eqs. (12) (13) , the products of the Grassmann background quark fields and classical background gluon fields which correspond to the ground-state matrix elements of the corresponding quark and gluon operators [52] are obtained,
where, ρ N is the density of the cold nuclear matter. The matrices in the right hand sides of Eq. (16) contain the in-medium quark, gluon and mixed condensates. These matrices are parametrised as [52] : i) quark condensate
ii) qluon condensate
where the term O( E 2 + B 2 ρ N ) is neglected because of its small contribution. And iii) quark-gluon mixed condensate
The in-medium modification of the different condensates in Eqs. (17) (18) (19) are defined as follows:
On the basis of Lorentz covariance, parity, and time reversal considerations, the QCD side of the correlation function in nuclear matter can be decomposed over the Lorentz structures as follows:
nevertheless, in the vacuum limit the coefficients, Π 
where ρ
QCD i
(s, p 0 ) is the two-point spectral density for i th structure. As the standard procedure, (s, p 0 ) for i = g µν , g µν p / and g µν u /
are given in the appendix.
After the Borel transformation on the variable p 2 and performing the continuum subtraction, we get,
where s * 0 is the in-medium continuum threshold. After matching the coefficients of different structures derived from the physical and QCD sides of the correlation function, we get the following sum rules to be applied in the calculations of mass, residue and vector self-energy of the spin-3/2 doubly heavy baryons:
These coupled sum rules will be simultaneously solved to find the physical quantities under consideration.
III. THE ANALYSIS OF THE SUM RULES
In this section, the sum rules in Eq. (24) on these parameters. To this end, we require the pole dominance and impose the condition:
Following these conditions, we choose the in-medium threshold in the interval
The next step is to fix the Borel mass parameter. For this aim, we consider again the pole dominance and convergence of the series obtained in the QCD side of the correlation function.
Thus, the upper limit of this parameter is obtained considering the dominance of pole contribution over the contribution of the higher states and continuum and its lower limit is found requiring the convergence of the series of different operators and imposing the condition of exceeding the perturbative part over the total non-perturbative contributions. Following these criteria, we obtain: 
In Fig.1 , we show the pole contribution, for instance at Ξ * cc channel, in terms of Borel parameter and at three fixed values of continuum threshold in their working interval. In average, we find PC= 0.71, which ensures the pole dominance of the related channel for the structure g µν p /.
Before analyses of the results in terms of the medium density, we would like to turn off the density and present the results in vacuum. Obtained from the analyses, our predictions for the masses of the considered states in vacuum are presented in table II. In the literature, there are a plenty of studies on the vacuum mass of the spin−3/2 doubly heavy baryons listed in the same table. We refer to some of them, which are extracted using: an Extended Choromomagnetic Model (ECM) [33] , the Bethe Salpeter Equation Approach (BSEA) [35] , Vacuum QCD Sum Rule (VQCDSR) [15, 21] , a Relativized Quark Model (RQM) [17, 32] , the Feynman-Hellmann Theorem (FHT) [56] , Quark Model (QM) [16] , Lattice QCD (LQCD) [7] and a Bag Model (BM) [57] .
Looking at this table, we see that the results from different approaches are over all consistence with each other within the errors. These results can be verified in future experiments.
In further analyses, we discuss the density dependence of the results. Thus, in Figs. 2 and 3, we plot the ratios m * DH /m DH , Σ ν /m DH and λ * DH /λ DH as functions of ρ N /ρ sat N at average values of the continuum threshold and M 2 for different members of the doubly heavy baryons. In the calculations, we use the ρ sat N = (0.11) 3 GeV 3 for the saturation density of the medium. This is equivalent to roughly 2.5 × 10 14 g/cm 3 which corresponds to ∼ 20% of the density of the neutron stars' core. From these figures, we see that the baryons Ω * cc , Ω * bc and Ω * bb do not see the medium at all. This can be attributed to the fact that the quark contents of these baryons, i.e. ccs, cbs and bbs are different than the quark content of the medium which is considered to be uud/udd and the strange and charm components of the nucleons are ignored. The baryons Ξ * cc , Ξ * bc and Ξ * bb , however, interact with the medium due to their u/d quark contents. The mass of these baryons show strong dependence on the density of the medium. Such that their masses reduce to their 74%, 69%, 66% of vacuum mass values for Ξ * cc , Ξ * bc and Ξ * bb , respectively at ρ N = 1.5ρ sat N . As is seen, the dependence of the masses of these baryons show linear dependence on the density of the medium and the shifts are negative referring to the attraction of these baryons by the medium.
Their residues or coupling strengths show very strong sensitivity to the nuclear matter density such that, at ρ N = 1.5ρ sat N they approach roughly 20% of their vacuum values. The dependence of the residues of these baryons to the density is roughly linear, as well. This is similar to the behavior of the nucleons spectroscopic parameters with respect to the density which are obtained to be roughly linear [40] . The vector self energies of the Ω * QQ ′ remain roughly zero by increasing the density of the medium. However, this quantity for the Ξ * QQ ′ baryons grows from zero to approximately 27% (in Ξ * cc and Ξ * bc channels) and 36% ( in Ξ * bb channel) of their vacuum mass values. We shall again note that the dependence of the Σ ν /m DH for the Ξ * QQ ′ baryons on the DH /m DH are found to be 1 for Ω baryons and ∼ 83%, ∼ 79% and ∼ 77% for the baryons Ξ * cc , Ξ * bc and Ξ * bb , respectively. As is seen, Σ ν is equal to zero for the Ω baryons, but Σ ν /m DH ratio for Ξ * cc , Ξ * bc and Ξ * bb , are obtained as 18%, 19% and 24% at saturated density, respectively. The variations of the considered ratios are very mild against the variations of the Borel mass parameter at saturation density and average values of the continuum threshold. We collect, the average values of these ratios at saturation nuclear matter density as well as the average values of the Borel mass square and continuum threshold in baryons do not show any shifts in the medium, but their residues show very small negative shifts due to the medium. The ratio Σ ν /m DH for the Ω baryons takes very small but positive values. The scalar self energies or shifts on the masses of the Ξ * QQ ′ baryons show considerable negative values. The negative sign shows the scalar attraction of these baryons by the medium. The maximum shift belongs to the Ξ * bb baryon but the minimum shift corresponds to the Ξ * cc state. The negative shifts on the residues are ,−48%, −57% and −52% of vacuum residues for the Ξ * cc , Ξ * bc and Ξ * bb , respectively. We see the positive 18%, 19% and 24% of the vacuum mass values for the vector self energies of the Ξ * cc , Ξ * bc and Ξ * bb baryons, respectively, referring to considerable vector repulsion of these states by the medium at saturated nuclear matter density and at average values of the auxiliary parameters M 2 and s * 0 .
IV. DISCUSSION AND OUTLOOK
The doubly heavy baryons have received special attentions after the discovery of the Ξ ++ cc baryon with double charmed quark by the LHCb Collaboration. Although its measured mass is different than that of the previous SELEX Collaboration and there is a conflict in this regard, our hope has been increased for the discovery of the other members of the doubly heavy charmed baryons, as well as the doubly heavy bottom baryons. We hope, by developing experimental studies, we will see more discoveries of the doubly heavy baryons predicted by the quark model in near future. Thus, investigation of different aspects of these particles especially their spectroscopic parameters in vacuum and in medium is of great importance. Their vacuum properties have already been discussed using various methods and approaches. In the present study, we investigate the spectroscopic properties of the doubly heavy spin−3/2 baryons at cold nuclear matter using the in-medium sum rule approach. It is observed that the parameters of the Ξ * QQ ′ baryons are affected by the medium, considerably. Such that at ρ N = 1.5 ρ sat N their mass reach to 83%, 79% and 77% of their vacuum mass values for Ξ * cc , Ξ * bc and Ξ * bb baryons, respectively. The negative shifts in the masses of these baryons represent their strong scalar attraction by the medium. We report the amount of the mass shift at each channel in table III. The analyses show that the masses of the Ω * QQ ′ doubly heavy baryons are not affected by the medium. The vector self energy of the Ω * QQ ′ baryons are obtained to be roughly zero. However, the vector self energies of the Ξ * QQ ′ baryons show considerable changes in the medium. The sign of the vector energies for Ξ * QQ ′ reported in table III at saturated density are positive referring to considerable vector repulsion of these baryons by the medium. The residues of the Ω * QQ ′ baryons remain roughly unchanged by increasing the density of the nuclear medium, as well. However, the Ξ * QQ ′ baryons' residues show drastic decrease with increasing the density of the medium. Note that, the dependencies of the parameters of the Ξ * QQ ′ baryons on ρ N are roughly linear. Their residues at ρ N = 1.5ρ sat N approach to roughly 20% of their vacuum values. The behavior of the parameters considered in the present study can be checked in future in-medium experiments. We turn off the density and obtain the mass of the baryons under consideration in ρ N → 0 limit (vacuum) and compare the obtained results with the previous predictions using different methods and approaches. We show our vacuum mass results and their comparison with other predictions in table II. We see over all good consistency of our results at ρ N → 0 limit with other approaches including the vacuum QCD sum rules within the errors. We hope that these results will help experimental groups especially at LHCb in the course of search for these baryons. We make our analyses in the interval [0 − 1.5] ρ sat N with ρ sat N = (0.11) 3 GeV 3 being corresponding to roughly 20% of the density of the neutron stars' core. Our sum rules give reliable results within this interval. One may extend the formalism to include higher densities to look at the fate of these baryons at higher densities. This may help us in finding a critical density at which the doubly heavy baryons are melting.
Production of the doubly heavy baryons in cold nuclear medium needs simultaneous production of two pairs of heavy quark-antiquark in medium. Then, a heavy quark from one pair requires coming together with the heavy quark of the other pair, forming a heavy diquark of the total spin 1 or 0, previously discussed. The resultant heavy diquark requires meeting with a light quark to subsequently form a doubly heavy baryon containing two heavy and one light quarks. These processes need that quarks be in the vicinity of each other both in ordinary and rapidity spaces. We hope that future in-medium experiments will be able to provide these conditions required for the production of the doubly heavy baryons in nuclear medium. Our results may help the experimental groups in analyses of the future experimental data. Comparison of any data on the parameters considered in the present study with our predictions will provide useful information on the nature and internal structures of the doubly heavy baryons as well as their behavior in a dense medium. 
